Abstract. This paper describes a methodology to stochastically simulate a large number of storm surge scenarios (here: 10 million). The applied model is very cheap in computation time and will contribute to improve the overall results from integrated risk analyses in coastal areas. Initially, the observed storm surge events from the tide gauges of Cuxhaven (located in the Elbe estuary) and Hörnum (located in the southeast of Sylt Island) are parameterised by taking into account 25 parameters (19 sea level parameters and 6 time parameters). Throughout the paper, the total water levels are considered. The astronomical tides are semidiurnal in the investigation area with a tidal range >2 m. The second step of the stochastic simulation consists in fitting parametric distribution functions to the data sets resulting from the parameterisation. The distribution functions are then used to run Monte-Carlo-Simulations. Based on the simulation results, a large number of storm surge scenarios are reconstructed. Parameter interdependencies are considered and different filter functions are applied to avoid inconsistencies. Storm surge scenarios, which are of interest for risk analyses, can easily be extracted from the results.
Introduction and objectives
Performing integrated risk analyses is a crucial task for coastal managers and engineers and becomes even more important in times of a warming climate, which potentially leads to changes of mean sea level heights, storminess or the wave climate. At the same time, the concentration of people living and assets located in coastal areas is rapidly increasing and is expected to continue to grow dramatically in the future (McGranahan et al., 2007; Nicholls et al., 2011) . Today
Correspondence to: T. Wahl (thomas.wahl@uni-siegen.de) millions of people and billions of assets are threatened by inundation caused by mean sea level changes and first of all by storm surge impacts.
The European Union (EU) has recently passed a directive "on the assessment and management of flood risks (2007/60/EC)" (EU, 2007) . The directive requires the EU member states to investigate flood risks for potentially affected areas (inland and coastlines). For coastal areas, different storm surge scenarios have to be considered to map the flood extent. At least three different scenarios (with low, medium and high probabilities of occurrence) should be taken into account for the analyses. The preparation of flood risk maps includes the estimation of the adverse consequences (number of affected inhabitants, types of economic activities in the affected areas, pollution etc.). Based on this information, flood risk management plans have to be established. The quantification of potential losses in the hinterland as well as the estimation of failure probabilities of existing flood defence structures is not provided. However, this is what has to be done when appling risk based design methods or performing intergrated risk analyses, respectively, which have gained more importance in river and coastal engineering in recent years (e.g. FLOODsite, 2009; Schumann, 2011) . In Germany, the joint research project XtremRisK (www.xtremrisk.de) was launched in 2008 to perform pilot studies (i.e. integrated risk analyses) for two investigation areas in the German Bight (Sylt Island and Hamburg) (Oumeraci et al., 2009; Burzel et al., 2010) .
A widely used approach to conduct integrated risk analyses is based on the Source-Pathway-Receptor-Concept (SPRConcept; e.g. Oumeraci, 2004) as shown in Fig. 1 . First, the risk sources are analysed before failure probabilities of the flood defence structures are calculated. Breach models (for dykes or dunes) are applied to identify the initial conditions for flood propagation and finally, potential losses in the hinterland are quantified. The present paper focuses on2926 T. Wahl et al.: Assessing the hydrodynamic boundary conditions for risk analyses in coastal areas first of all, storm surges). From Fig. 1 it can be seen that different risk sources have to be taken into account for flood risk analyses in coastal areas. Mean sea level represents a quasi-static loading factor for coastal defence structures, as possible changes occur comparably slow and adaptation strategies can be planned. Wahl et al. (2010a Wahl et al. ( , 2011a recently conducted a detailed analysis of observed mean sea level changes in the German Bight. Storm surges and wind waves, which may coincide due to meteorological forcing, represent dynamic loading factors leading to high water levels for shorter time periods. Throughout this paper, the term "storm surges" describes extreme still water levels (i.e. waves not included) that arise from the combination of astronomical tides and a meteorologically induced surge component. Investigations on long-term changes of storm surges in the German Bight have recently been undertaken by Mudersbach et al. (2011) .
It is necessary to consider a large number of storm surge scenarios for a scenario-based risk analysis, as outlined by Fig. 2 . Initially, a risk curve (as shown in Fig. 2 , left) has to be estimated before its integration leads to the overall flood risk. The approximation of a risk curve requires a larger number of events to be considered as sampling points (Fig. 2 contains only four events for presenting purposes). Figure 2 (right) highlights that storm surge scenarios with extremely high water levels are not relevant for an integrated risk analysis because the exceedance probabilities P e of such storm surge events and thus the related probabilities of flooding P flood are approximately zero. At the same time, storm surge scenarios with low water levels can also be neglected, as the potential losses D caused by such events are approximately zero.
To derive a sufficient number of relevant storm surge scenarios as input data for risk analyses, different methods are available and have been considered in former studies. Numerical hydrodynamic models can be used (e.g. Jensen et al., 2006; Mudersbach and Jensen, 2009 ) as well as empirical approaches (e.g. Gönnert et al., 2010) . Both methods are very time consuming and therefore restrict the number of scenarios which can be generated. Furthermore, it is important to take into account storm surges with different characteristics. This does not only include the storm surge water level height, but also the temporal evolution of the storm surge water levels (i.e. the time-dependent behaviour of the water levels) or the duration of the storm surge events (see e.g. Cai et al., 2008; Wahl et al., 2011b) . In this paper, an approach to stochastically simulate a large number of storm surge scenarios (here: 10 million) is presented. Selected storm surge scenarios from the simulated results, which are relevant because of their characteristics, can directly be considered for risk analyses. Uncertainties are reduced by considering a larger number of scenarios. Further, the required computation time is comparable small. At the same time, the simulated storm surge events can be used as input data for statistical assessments (in addition to the observations), which also play an important role when performing integrated risk analyses. A multivariate statistical model based on Copula functions to jointly analyse selected storm surge and wave parameters is presented in a companion paper by Wahl et al. (2011b) . In this companion study, the results presented here (i.e. stochastically simulated storm surge events) are considered as the data basis and joint exceedance probabilities are calculated (with and without wave conditions included).
Risk-based design methods and probability concepts in which stochastically simulated input variables are used have already been established in different fields (e.g. structural and mechanical engineering, hydrology etc.) (Ang and Tang, 2007; Reeve, 2010) . Especially for designing dams or reservoirs, similar approaches to the one presented in this paper for coastal areas are widely used. The methodology considered, for example, by Klein (2009) or Bender and Jensen (2011) to stochastically simulate flood hydrographs, consists of similar computational steps. However, significant enhancements were necessary to account for the different systematic situations in coastal regions. The methodology to stochastically simulate storm surge scenarios was already briefly described by Wahl et al. (2010b) . The present paper provides detailed information about all relevant computational steps; the applicability of the model to different investigation areas (i.e. an island and an estuary) is tested and a validation section is included.
The paper is organised as follows: in Sect. 2 the considered data sets are introduced. The applied methodology is described in detail in Sect. 3. The key results are summarised and discussed in Sect. 4 and the paper closes with conclusions in Sect. 5.
Data
The following analyses are based on the available sea level observations from the tide gauges of Hörnum and Cuxhaven. Hörnum is located in the Southeast of Sylt Island (tide gauge location: 54 • 45 29 N, 8 • 45 29 E) in the northeastern part of the German Bight. Cuxhaven is located in the Elbe estuary (tide gauge location: 53 • 52 04 N, 8 • 43 03 E) in the southeastern part of the German Bight. The tidal regime is semi-diurnal and the mean tidal ranges for Cuxhaven and Hörnum are 2.97 m and 2.05 m, respectively (estimated for the 19-yr period from 1990 to 2008). The tide gauges have been chosen as they provide long records and they are located in areas of special interest. Sylt Island is the biggest German North Sea island and a popular tourist destination. The island hosts valuable monetary and ecological assets and is very vulnerable to extreme storm surge events. In December 1990, a storm surge evoked by the low pressure system "Anatol" caused extensive erosion along major parts of the island's coastline. The tide gauge of Cuxhaven provides the longest record of all German gauges and is used as the reference station to assess the flood risk for the city of Hamburg, the only German megacity located in an estuary. The most devastating storm surge event along the German North Sea coastline over the last century occurred in February 1962. 340 people died (315 in Hamburg) and major parts of the city of Hamburg were flooded.
Considering the temporal behaviour of storm surge water levels, it is necessary to analyse high frequency observations (at least hourly data). The tide gauge of Hörnum has provided data from 1936 onwards (digital high frequency data since 1999, digital high and low waters and analogue tidal charts before 1999). Cuxhaven has provided continuous data from 1900 onwards (digital high frequency data since 1918, digital high and low waters and analogue tidal charts before 1918).
To identify storm surge events from the available tidal high water (HW) time series, a peak over threshold (POT) method is applied. When forecasting storm surges along the German North Sea coastline, the Federal Maritime and Hydrographic Agency (BSH) uses a threshold of 150 cm above mean tidal high water level (MHW) to separate storm surges from mean conditions (e.g. Wieland, 1990; www.bsh.de) . Under present conditions, this equals a total water level of about 305 cmNN for Cuxhaven and of about 253 cmNN for Hörnum (where cmNN stands for cm above Normal Null, which is the German ordnance datum).
To select appropriate thresholds for extreme value analyses, Coles (2001) proposed two different methods, namely the Stability Method (STM) and Mean Residual Life (MRL) plots. Both methods have been applied here. In the STM, parameters of a Generalized Pareto distribution (GPD) are fitted to the available (and de-trended) data sets by considering ) shows the results for the shape parameter of the GPD (left: Cuxhaven, right: Hörnum) with 95 %-confidence bounds included (confidence bounds for Hörnum cannot be reliably calculated for large values of u). An appropriate threshold is assumed where the shape parameter is approximately constant. As it can be seen, an objective interpretation of the results is difficult. For Cuxhaven, the value of 150 cm above MHW appears to be a suitable choice, whereas the results for Hörnum suggest choosing a slightly smaller value. To create MLR plots, the values exceeding different thresholds u are averaged (see Coles, 2001 for more information). Figure 3 (bottom) shows the results for Cuxhaven (left) and Hörnum (right). An appropriate threshold is assumed where the function starts to become approximately linear. Again, the results are not clear and the interpretation is even more complicated compared to the STM. Thus, thresholds of u = 150 cm above MHW for Cuxhaven (equals a total water level of 305 cmNN under current conditions) and of u = 145 cm above MHW for Hörnum (equals a total water level of 248 cmNN) are chosen for the present study. Further methods to identify appropriate threshold values are described and discussed by Lang et al. (1999) . Figure 4 shows the available HW time series for Cuxhaven from 1900 to 2008 (left) and for Hörnum from 1936 to 2008 (right) and the estimated threshold time series. MHW is defined here as the 10-yr running mean of the observed HW to take into account long-term sea level changes. The number of threshold exceedances for Cuxhaven is 388 and 232 for Hörnum, due to the shorter time period that is involved.
As mentioned previously, it is necessary to take into account the temporal evolution of water levels during storm surge events in addition to the maximum storm surge water levels. Therefore, it is required to define storm surge scenarios not only in height but also in length or duration. The numbers of successive high tides exceeding the selected thresholds are shown in Fig. 5 . In the majority of cases, the events last one or two tidal cycles. Four or five high tides in a row have rarely been observed in the past. Thus, three tides of the observed storm surge events (initial tide, main tide, follow-up tide; i.e. 1.5 days) are considered in the following. To assure independency, two storm surge events have to be at least 30 h apart from each other (referring to the time when the maximum water levels occur). This reduces the number of relevant events to 314 for Cuxhaven and 175 for Hörnum. Prior to 1918 for Cuxahen and 1999 for Hörnum, the events were digitized from the available analogue tidal charts for the present study. 
Method
The method used to stochastically simulate synthetic storm surge scenarios consists of three computational steps, which are described in the following.
Parameterisation of observed storm surge events
Initially, the observed storm surge events are parameterised. As outlined in Sect. 1, the total water levels (arising from the combination of tides and surges) are taken into account instead of removing the deterministic tidal component before parameterising the residual surge component. This procedure is justified for the following reasons: (i) parameterisation of the surge residuals is much more complex and increases the uncertainties than parameterising the total water level time series as described below, (ii) the re-combination of randomly simulated surge curves with the deterministic tide requires either independency between the two components or a detailed understanding of the existing non-linear tide-surge interaction in the investigation area. Both are not the case for the German Bight. Therefore, the total water levels are considered throughout this study, as these are also relevant for coastal managers.
From sensitivity studies, it was found that a total number of 25 parameters is sufficient to capture the main characteristics of a storm surge event consisting of three tides. Figure 6 shows the 25 parameters, which are (i) the tidal high and low waters of the three tides comprising a storm surge event, (ii) the water levels one hour before and one hour after the high and low waters and (iii) the time periods between two adjacent high and low waters. Parameters 1 to 19 represent sea level heights whereas parameters 20 to 25 are time parameters. The height parameters can all be expressed relative to parameter 10 (i.e. the maximum water level observed during the storm surge event). This means that parameters 1, 4, 7, 13, 16 and 19 (tidal high and low waters) refer to parameter 10. Parameter 7, for example, is calculated by subtracting the observed tidal low water level (i.e. the absolute water level of parameter 7) from the maximum water level observed during the storm surge event (i.e. parameter 10). The parameters surrounding the tidal high and low waters refer to the particular peak water levels. Parameter 3, for example, is calculated by subtracting the water level which has been observed one hour before the high water (i.e. the absolute water level of parameter 3) from the tidal high water level (i.e. the absolute water level of parameter 4).
For the reconstruction of a storm surge curve based on the 25 parameters, three different methods are tested, namely linear interpolation, cubic spline interpolation, and piecewise cubic hermite interpolation. Figure 7 shows an example of the results from parameterising and reconstructing a selected storm surge event at the Hörnum tide gauge. The storm surge was induced by the extra-tropical cyclone "Tilo" that occurred in November 2007. The quality of the reconstruction results, considering the different interpolation methods, is evaluated by calculating root mean squared errors (RMSE). As it can be seen in Fig. 7 , the estimated RMSEs are similar and all three methods lead to good results for the selected storm surge event. The smallest RMSE is achieved with the piecewise cubic hermite interpolation (also known as cspline; e.g. Kahaner et al., 1988) . This was confirmed from parameterising and reconstructing all of the other observed storm surge events (i.e. 314 events for Cuxhaven and 175 events for Hörnum) using the three different interpolation methods. Figure 8 shows the results of the parameterisation and reconstruction by applying piecewise cubic hermite interpolation for further storm surge events, four for Cuxhaven (left) Fig. 8 . Results from parameterising and reconstructing selected storm surge events observed at the tide gauges of Cuxhaven (left) and Hörnum (right). Table 1 . Distribution functions considered in the present study to be fitted to the time series resulting from the parameterisation of the observed storm surge events.
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and four for Hörnum (right). The applied methodology leads to good results for all of the selected events. The maximum storm surge water levels are usually higher in Cuxhaven compared to Hörnum. From visual inspection, it was found that similar results have been achieved for the rest of the observed storm surge events considered for the present study. As a result of the parameterisation of all observed storm surge events, 25 parameter time series are available for the two selected tide gauges. Each of the 25 time series consists of 314 realisations for the tide gauge of Cuxhaven and 175 realisations for the tide gauge of Hörnum.
Monte-Carlo-Simulations
The next step of the stochastic storm surge simulation procedure consists of fitting parametric distribution functions to the data sets resulting from the parameterisation. The distribution functions are subsequently used as a basis to run a large number of Monte-Carlo-Simulations. Table 1 contains an overview of the considered distribution functions, widely used in hydrology. In the equations, parameter a denotes the location parameter (i.e. the threshold parameter for the GPD), b the scale parameter and k the shape parameter. The maximum likelihood approach is applied to estimate the parameters (see e.g. Rao and Hamed, 2000) . All four distribution functions are fitted to the 25 parameter data sets available for the two selected tide gauges as a result of the parameterisation. The distributions that fit best to the underlying data sets are identified by calculating the RMSEs of the theoretical non-exceedance probabilities compared to the empirical non-exceedance probabilities (i.e. the plotting positions). The latter are determined following the approach proposed by Gringorten (1963) (Eq. 1), which was also used by Jensen et al. (2006) for storm surge analyses in the German Bight:
where PLP Gringorten is the probability that a given value is less than the ith smallest observation in the data set consisting of N observations, and i is the i-th smallest value in the data set arranged in ascending order. An overview of alternative methods to calculate plotting positions is given by Chow (1964) and Jensen (1985) . Most of the methods lead to similar results when large sample sizes are available. Figure 9 shows the results from fitting distribution functions to the time series of selected parameters (1, 10, 14 and 23) for the tide gauges of Cuxhaven (left) and Hörnum (right). The figure shows the estimated plotting positions and the theoretical distribution functions (with 95 %-confidence levels) leading to the smallest RMSEs. The LogNormal distribution, for example, is the most qualified to describe the available data set for parameter 1 for the tide gauge of Cuxhaven (top, left), while the Normal distribution leads to a smaller RMSE for the tide gauge of Hörnum (top, right). For parameter 1 (i.e. the difference between the maximum storm surge water level and the water level of the first tidal low water, see Fig. 6 ), the observed values range between 200 and 500 cm for Hörnum and between 350 and 700 cm for Cuxhaven. For the important parameter 10, which is the maximum storm surge water level (or the highest turning point), the GPD fits best to the available data sets for both gauges. For Cuxhaven, a highest turning point of about 515 cmNN represents a 100-yr storm surge event, while a 100-yr event for Hörnum has a water level of about 420 cmNN. Figure 9 shows that at least one of the considered distribution functions leads to good results for the selected parameter time series. The same is true for the other 21 parameters for both gauges. An overview of the overall results is provided by Fig. 10 , where the calculated RMSEs are shown for all parameters and the tide gauges of Cuxhaven (left) and Hörnum (right). Only the results for the distribution functions leading to the smallest RMSEs are shown and the marker types denote which type of distribution was identified to fit best to the available data sets. The RMSE values are between 0.01 to 0.065 cm for Cuxhaven and 0.01 to 0.04 cm for Hörnum. No outliers are evident for both of the gauges. The slightly higher values for Cuxhaven may result from the differences in the mean tide curve compared to Hörnum or from the fact that more historical events are considered for Cuxhaven. The uncertainties in these historical events are larger. The fitted theoretical distributions are then used with Monte-Carlo-Simulations to estimate a large number of values for each parameter. As a result, each of the parameter data sets no longer consists of 314 or 175 realisations, respectively, but of a much larger number (here 10 million to assure stability for the statistical assessment performed by Wahl et al., 2011b) . Existent interdependencies between the parameters are considered by first modelling the observed interdependencies between the relative sea level parameters (which are directly or indirectly related to parameter 10) and parameter 10. Linear regression functions are applied to model the existing dependencies which are evident from the observed storm surge events. The slopes of the regression functions are then used to adjust the simulated results for the relative sea level parameters.
Filter functions and model validation
Before the model is validated, some filter functions are applied to the simulation results. Although the interdependencies between the sea level parameters are considered within the Monte-Carlo-Simulations and good results have been achieved from fitting distribution functions to the parameter time series, some inconsistencies (e.g. strongly deformed storm surge curves) occur in the results. A list of the applied filter functions with a short description and the considered threshold values is provided in Table 2 . Most of these filters contribute to avoiding strong and implausible deformations of the storm surge curves and most threshold values are empirically calculated based on the observations. The filter "peak-flatness", for example, removes simulated storm surge events where flat lines occur around the peak water levels (i.e. the water level is constant for at least one hour, which usually does not happen in the German Bight area due to the prevailing tidal regime). Most of the filter functions listed in Table 2 do not affect the statistics of the simulation results. The filter function "max. water level" provides the only exception, as it removes simulated events where parameter 10 (i.e. the highest turning point) is extraordinary high and is physically implausible under current climate conditions. This may happen within the Monte-CarloSimulations when the asymptote of the distribution function fitted to parameter 10 is very large. To identify the threshold values for this filter function (651 cmNN for Cuxhaven and 513 cmNN for Hörnum; see Table 2 ), the highest values derived in former studies based on numerical model runs or empirical analyses for the selected investigation areas have been examined. For Cuxhaven, Jensen et al. (2006) simulated a storm surge event with a maximum water level of 651 cmNN, based on a hydrodynamic model, and denoted this as the highest storm surge being physically possible under current climate conditions and based on the available data sets. The estimated uncertainty range is 603 cmNN to 672 cmNN. Gönnert et al. (2010) derived a maximum value of 610 cmNN for the same tide gauge from empirical studies (within the XtremRisK project). They superimposed the different storm surge components (i.e. the astronomical tide, the surge and the external surge, which is generated in the Atlantic and enters the North Sea) by considering the highest values that have been observed in the past, also taking into account the non-linear interactions between the different components. For the present study, the higher value of 651 cmNN is used. The maximum value for the tide gauge of Hörnum derived by Jensen et al. (2006) was 489 cmNN (I. Bork, personal communication, 2010), while Gönnert et al. (personal communication, 2011 ) estimated a maximum value of 513 cmNN with the empirical approach (with an uncertainty range from 444 cmNN to 537 cmNN). Again, the higher value of 513 cmNN is considered for the present study. In summary, simulated storm surge events exceeding a water level of 651 cmNN at the tide gauge of Cuxhaven are removed, as well as simulated storm surge events exceeding a water level of 513 cmNN at the tide gauge of Hörnum. All of the other filter functions shown in Table 2 can be denoted as "form filters", as they contribute to avoiding strong deformations of the storm surge curves, but they do not affect the statistics. The latter is important, as stochastically simulated storm surge events are also considered for statistical analyses as presented by Wahl et al. (2011b) .
Before the overall simulation results are presented and discussed in the following Sect. 4, the model is validated. This is done first by comparing observed and simulated dependence structures (i.e. rank correlation coefficients) between the considered 19 sea level parameters. Figure 11 shows the results for the tide gauges of Cuxhaven (left) and Hörnum (right). In the upper left triangles of the matrices, the observed interdependencies are displayed. Kendall's rank correlation τ , a well known non-parametric measure of dependence, is calculated for all parameter pairs following Eq. (2) (e.g. Kendall, 1938; Karmakar and Simonovic, 2009 ):
where sign = 1 if x i − x j y i − y j > 0 and sign = −1 if x i − x j y i − y j < 0, with i,j = 1,2,...,n. For the pairs with values for τ larger or equal 0.3 [-] , the actual calculated values for τ are shown in the upper left triangles of the matrices displayed in Fig. 11 . For the parameter pairs where the values of τ are smaller than 0.3 [-] , it is assumed that no significant correlation exists (e.g. Degen and Lohrscheid, 2002) and it is not expected that the model captures such weak interdependencies. For the parameter pairs for which significant correlation is evident from the observations, the values for τ are calculated based on the simulation results and displayed in the lower right triangles of the matrices shown in Fig. 11 . The relationship between parameter 10 and the other sea level parameters has been used to correct the simulation results as described in Sect. 3.2. Hence, all values for τ calculated between parameter 10 and the other sea level parameters are written in the matrices. For both gauges, no significant interdependencies are evident from the observations for most of the parameter pairs. For those pairs where large values of τ (i.e. τ ≥ 0.3 only significant positive correlation is evident in the data sets) are calculated based on the observations similar values for τ are also derived from the simulation results. Only very few parameter pairs show significant correlation in the observed data sets, while almost no correlation is evident from the simulation results (e.g. the pair (12|13) for Cuxhaven or the pair (7|8) for Hörnum). These Cuxhaven: 0 cm Hörnum: 0 cm peak-flatness difference of the water level one hour before/after a peak (high or low water) and the peak water level itself is very small (i.e. almost a flat line)
Cuxhaven: 1 cm Hörnum: 1 cm peak-steepness difference of the water level one hour before/after a peak (high or low water) and the peak water level itself is very large Cuxhaven: 112 cm* Hörnum: 59 cm* peak-skewness water level one hour before a peak shows a much larger/smaller difference compared to the peak water level than the water level one hour after the peak Cuxhaven: 98 cm* Hörnum: 44 cm* tidal range tidal range is very small Cuxhaven: 8 cm* Hörnum: 25 cm* low water evolution second low water is smaller than the first low water or third low water is smaller than fourth low water Cuxhaven: 0 cm Hörnum: 0 cm * Threshold values were empirically calculated based on the available observations. small differences in the rank correlation matrices do not affect the overall simulation results.
A second stage of validation was undertaken. This involved comparing selected storm surge events from the stochastic simulation with "reference storm surges". These reference events are the outcome of former studies focussing on the same investigation areas, whereas hydrodynamic models and empirical approaches were used to derive extreme storm surge events. Figure 12 shows the results for Cuxhaven (left) and Hörnum (right). The reference storm surges shown in the figure have previously been considered for the filter function "max. water level" (see Table 2 ). These storm surges are compared to 10 selected storm surge events from the simulation results. The reference storm surge that has been chosen for Cuxhaven (Fig. 12, left) is the outcome of a three year research project aimed at determining the highest storm surge water levels that are physically plausible and may occur along the German North Sea coastline under current climate conditions (see Jensen et al., 2006) . A range of extreme (but physically consistent) weather conditions were considered to force a hydrodynamic model. The storm surge event, which is used here as a reference event, was the highest one derived. From Fig. 12 (left) , it is obvious that the selected stochastically simulated storm surge curves are very similar to the reference event. Only the peak water levels of the initial tides are slightly smaller in the simulations compared to the reference storm surge. This is due to the fact that the second tidal low water (i.e. the absolute Fig. 13 . Definition of the storm surge intensity as considered for the present study.
water level of parameter 7) is very high compared to the first high water (i.e. the absolute water level of parameter 4) in the reference storm surge. This is not typical for storm surges in Cuxhaven and thus only a few events showing this phenomenon are available from the simulated results. Furthermore, the selected reference storm surges (for Cuxhaven, as well as for Hörnum) are very extreme events and hence, only few storm surges with similar highest turning points (i.e. parameter 10) are simulated. The reference event for Hörnum is the result of extensive empirical analyses recently conducted by Gönnert et al. (2010 and personal communication) . Different surge components were analysed separately and superimposed (by considering the non-linear interaction) to construct extreme storm surge events. Figure 12 (right) shows that the character of the reference storm surge event is fully resolved by the 10 stochastically simulated storm surges. Overall, the findings from the model validation presented in Figs. 11 and 12 highlight that the applied methodology to stochastically simulate storm surge scenarios leads to reasonable and reliable results compared to other methods (e.g. hydrodynamic modelling or empirical studies) that can be used to derive storm surge scenarios.
Results and discussion
To present the overall results from the stochastic storm surge simulation (i.e. 10 mio. synthetic and high frequency storm surge scenarios), the two important storm surge parameters "highest turning point" (S) and "intensity" (F ) are taken into account. The parameter 'highest turning point' represents the maximum water level during a storm surge event. As described in Sect. 1, taking only this parameter into account is not sufficient for risk analyses where the complete storm surge curve has to be considered for e.g. breach modelling or calculation of potential losses in the hinterland. Therefore, the additional parameter "intensity" is introduced in Fig. 13 (in Germany this parameter is also known as "fullness"). The intensity of a storm surge represents the area between the observed storm surge water level and a given threshold (here: the German ordnance datum NN, which nowadays is approximately 15 cm a.m.s.l. height). Therefore, it serves as a proxy for the energy input into the existing coastal defence structures during storm surge events. The combined analysis of the two storm surge parameters S and F firstly allows for presenting the overall simulation results and secondly, the characteristic of a storm surge curve is well represented by these two parameters. Thus, Wahl et al. (2011b) present a multivariate statistical approach to consider these two parameters also for the statistical assessment of storm surge events within risk analyses.
The stochastic simulation results are shown in Fig. 14 for Cuxhaven (top) and Hörnum (bottom) (the unit of the intensity was divided by 1000 for plotting purposes). In both subplots, the observed storm surge events, represented by the parameters S and F and shown as black dots, are enclosed by the simulation results shown as grey dots. Both data sets (i.e. observed and simulated) show a similar structure of dependence. One million of the simulated events are shown in the figure for presenting purposes. Envelopes from all 10 million simulated events are also displayed. For both gauges, none of the observed events exceeds the estimated envelopes and the rank correlation (Kendall' The generated data sets may be used for various future applications, as for example, as a basis for statistical assessments as presented by Wahl et al. (2011b) . Selected storm surge scenarios, as shown in Fig. 14 (right) , can directly be considered as input data for integrated risk analyses, contributing to a reliable approximation of a risk curve as shown in Fig. 2 (left) . The simulated storm surge scenarios displayed in Fig. 14 (right) all have the same "highest turning points" for the particular tide gauges, while having significantly different "intensities". This also affects the potential damages along the coastal defence line and in the hinterland; it could be expected that the estimated losses caused by the selected storm surge events are considerably different. As each of the grey dots in the figure represents a storm surge event which is available as a time series with a 1-min resolution, it is easily possible to extract a large number of scenarios showing different characteristics and being relevant for a risk analysis at the same time (see also Fig. 2) . By applying the stochastic model it is possible to provide accurate hydrodynamic boundary conditions for risk assessments in coastal areas. Considering the stochastic model in combination with few numerical model runs or empirical analyses improves the accuracy of the overall results while the required Results from simulating 10 million storm surges, represented by the parameters "highest turning point" and "intensity" for the tide gauges of Cuxhaven (top) and Hörnum (bottom) and selected high resolution and stochastically simulated storm surge curves (right). computation time is relatively short. High frequency storm surge curves (at least hourly sea level observations) represent the only input data required to run the model. In addition, some information about the physically possible extreme water levels (under current climate conditions) should be taken into account. The model also allows the consideration of possible future sea level changes within the simulations.
Conclusions
In this paper, a stochastic storm surge model which simulates a large number of storm surge scenarios is described in detail. The storm surge scenarios may be used as input data for various practical and research-oriented applications. The most important steps of the stochastic simulation consist in: (i) parameterising the observed events, (ii) fitting parametric distributions functions to the resulting parameter time series, and (iii) applying empirical filter functions (see Sect. 3). The methodology leads to reliable results and is at the same time very cheap in computation time, compared to alternative methods that can be applied to derive a larger number of storm surge scenarios. The skills of the model have been highlighted in the validation section (Sect. 3.3) by comparing the simulation results with the observations and results from former studies based on hydrodynamic models or empirical analyses. The two important storm surge parameters "highest turning point" and "intensity" are considered to present the overall simulation results and to characterise a particular storm surge event. This means that the temporal evolution of extreme water levels is (at least implicitly) taken into account in addition to the maximum water level. The latter is the only parameter that has been analysed in most former studies but is not sufficient to perform integrated risk analyses (e.g. based on the Source-Pathway-Receptor Concept). By plotting the two parameters as shown in Fig. 14 , it is easily possible to extract a specified number of storm surge scenarios with different characteristics from the simulation results, whereas every synthetic storm surge event is available as a time series with a 1-min resolution. These storm surge curves can directly be considered for scenario-based risk analyses in coastal areas. They contribute to reducing the uncertainties and improving the overall results.
In addition, the simulated storm surge events can be employed for statistical analyses. Wahl et al. (2011b) apply a multivariate statistical model based on Archimedean Copula functions to estimate the exceedance probabilities of storm surge scenarios. They consider the results from the present study as the data basis and they also take into account the two storm surge parameters "highest turning point" and "intensity" to derive joint exceedance probabilities. This is a major step forward when calculating exceedance probabilities for storm surge scenarios within risk analyses. An approach to extend the bivariate Copula model to the trivariate case is also presented. This allows selected wave parameters in addition to the two storm surge parameters to be taken into account.
